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ABSTRACT 1 

The NUDIX hydrolase NUDT15 was originally implicated in sanitizing oxidized nucleotides but 2 

was later shown to hydrolyze the active thiopurine metabolites, 6-thio-(d)GTP, thereby dictating 3 

the clinical response of this standard-of-care treatment for leukemia and inflammatory diseases. 4 

Nonetheless, its physiological roles remain elusive. Here, we sought to develop the first small-5 

molecule NUDT15 inhibitors to elucidate its biological functions, and potentially for improving 6 

NUDT15-dependent chemotherapeutics. Lead compound TH1760, demonstrated low-7 

nanomolar biochemical potency through direct and specific binding into the NUDT15 catalytic 8 

pocket and engaged cellular NUDT15 in the low-micromolar range. We further employed 9 

thiopurine potentiation as a proxy functional read-out and demonstrated that TH1760 10 

sensitized cells to 6-thioguanine through enhanced accumulation of 6-thio-(d)GTP in nucleic 11 

acids. A biochemically validated, inactive structural analog, TH7285, confirmed that increased 12 

thiopurine toxicity is via direct NUDT15 inhibition. In conclusion, TH1760 represents the first 13 

chemical probe for interrogating NUDT15 biology and potential therapeutic avenues.  14 

  15 
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INTRODUCTION 1 

In the cell, nucleotides are vulnerable to enzymatic and non-enzymatic modification, which, if 2 

left unattended, may have dire consequences on genome integrity and cellular fitness. 3 

Fortunately, the presence of “housekeeping” or “sanitation” enzymes effectively remove these 4 

species to limit their detrimental effects1,2. The nucleoside diphosphate linked to moiety X 5 

(NUDIX) hydrolase superfamily is among the most prominent of this group, defined by the 6 

shared NUDIX box motif (Gx5Ex5[UA]xREx2EExGU; U, aliphatic, hydrophobic residue; x, any 7 

residue) that comprises their enzymatic core3. The variety in their substrate recognition sites 8 

ensures broad substrate diversities among the human NUDIX proteins and, likely, importance 9 

for distinct biological functions4. 10 

NUDIX-type 15 (NUDT15) is homologues to NUDT1 (MutT homologue 1, MTH1) and thus 11 

has previously been referred to as MTH2. Early studies focused on its role as a redundancy 12 

factor for MTH1 by hydrolyzing the potentially mutagenic guanine species, 8-oxo-dGTP5-7. While 13 

some evidence indicated its involvement in oxidized nucleotide metabolism, detailed 14 

biochemical and structural work by our group and others have concluded that NUDT15 has 15 

approximately 40-fold lower enzymatic activity against 8-oxo-dGTP as compared to MTH18. 16 

Other suggested functions of NUDT15 include cleaving 7-methyl-GMP and 7-methyl-GDP from 17 

methylated, capped mRNA and thereby potentially regulating mRNA stability9; and stabilizing 18 

polymerase clamp PCNA (proliferating cell nuclear antigen) from degradation10. Although these 19 

findings have provided important clues, at this time, the physiological function(s) of NUDT15, in 20 

nucleotide pool maintenance/sanitization and beyond, have yet to be comprehensively 21 

elucidated.  22 
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Meanwhile, recent clinical studies have observed that missense mutations, such as 1 

R139C, in NUDT15 are significantly correlated with elevated hematopoietic toxicity among 2 

patients receiving thiopurine-based therapies (6-thioguanine, 6-mercaptopurine and 3 

azathioprine)11-16. Thiopurines are a group of cytotoxic guanosine analogue antimetabolites that 4 

are routinely used to treat leukemia (e.g. acute lymphoblastic leukemia, ALL; acute myeloid 5 

leukemia, AML) and inflammatory diseases (e.g. Crohn’s disease) 17-21. In cells, thiopurines are 6 

tri-phosphorylated into 6-thio-(d)GTP before being mis-incorporated into genomic material, 7 

thereby inducing futile DNA repair and eventually cell death22-26. Moreover, 6-thio-dGTP can be 8 

preferentially incorporated into de novo synthesized telomeres in telomerase-expressing 9 

malignant cells, resulting in selective telomere dysfunction and cytotoxicity in cancerous versus 10 

normal tissue-derived cell lines27,28.  11 

Interestingly, mechanistic studies focusing on NUDT15-related thiopurine 12 

hypersensitivity have revealed that 6-thio-(d)GTP are efficient substrates for NUDT15 13 

hydrolysis8,16,29. Depletion of NUDT15 in cells and in vivo could effectively elevate 6-thio-(d)GTP 14 

accumulation and incorporation, and the subsequent cellular responses leading to 15 

apoptosis16,29. Translating to a therapeutic perspective, a 20-fold reduction of thiopurine dosage 16 

could be achieved in NUDT15 knockout mice without sacrificing anti-leukemic efficacy, 17 

indicating that the current thiopurine-based therapies could be potentially modulated through 18 

targeting the 6-thio-(d)GTPase activity of NUDT1530.  19 

To interrogate the substrate(s)/activit(ies) of NUDT15 and to provide potential tool for 20 

improving antimetabolite therapeutics subject to NUDT15 metabolism (e.g. thiopurines, 6-thio-21 

dGTP), herein, we sought to develop potent and selective small molecule NUDT15 inhibitors. 22 
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Our lead compound inhibited NUDT15 at low-nanomolar biochemical IC50 through direct binding 1 

into the NUDT15 catalytic pocket and further demonstrated on-target binding in cells. We then 2 

evaluated and confirmed the in-cell activity of our lead by its ability to target the 6-thio-3 

(d)GTPase activity of NUDT15 and thereby potentiate thiopurine-induced cytotoxicity. The use 4 

of an inactive analog validated that increase of thiopurine toxicity is a direct result of NUDT15 5 

enzymatic inhibition. We herein report the first bona fide chemical probe against NUDT15. 6 
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RESULTS 1 

Screening and development of NUDT15 inhibitors  2 

To develop potent and selective small molecule NUDT15 inhibitors as a chemical probe to 3 

understand NUDT15 biology, we first established a biochemical screening campaign utilizing our 4 

previously reported enzyme-coupled malachite green (MG) assay (Fig. 1a) 8,29. In this assay, 5 

human recombinant NUDT15, dGTP (a known NUDT15 substrate)29, and E. coli inorganic 6 

pyrophosphatase (PPase) were combined. In short, dGTP is first hydrolyzed by NUDT15 to dGMP 7 

and pyrophosphate, then the released pyrophosphate is converted by PPase to inorganic 8 

phosphate that was subsequently detected with the MG reagent and used as an enzymatic 9 

activity read-out for NUDT15 activity. Utilizing this MG assay-based screening platform, 17946 10 

distinct chemical entities with commercial (Enamine) or in-house (donated by Biovitrum AB31) 11 

origins were screened at a single concentration of 10 μM (Fig. 1a; Supplementary Table 1). The 12 

screening performance was deemed excellent with an average z’ factor of 0.87, and the hit 13 

identification criterion was defined as three times the standard deviation beyond the average 14 

inhibition for the screening library (Supplementary Fig. 1), as defined previously32. Based on 15 

their inhibitory potency, potential binding efficiency, and druggability, 37 hit compounds were 16 

selected for follow-up dose-response validation of their inhibitory potency. Compound 1 17 

(TH884) exhibited good inhibitory potency against NUDT15 (MG assay IC50 = 7 µM) and was 18 

chosen as a promising chemical starting point for further inhibitor development (see 19 

Supplementary Fig. 2 for inhibitor screening funnel).  20 

As the first step of NUDT15 inhibitor optimization, we developed a concise synthetic 21 

route and initiated structure-activity relationship (SAR) studies of the hit compound TH884, 22 



8 

 

 

where chemical features critical for efficacy were identified by MG assay inhibitory potency. 1 

Initial SAR studies focused on the phenyl part (Supplementary Table 2). Removal of the fluorine 2 

atom (2) or replacing the phenyl ring by non-aromatic hydrophobic moieties (3 and 4) was well 3 

tolerated, removal of the phenyl moiety resulted in an IC50 > 100 µM (5); indicating that 4 

although the phenyl ring is not critical for activity, occupancy of this area by a hydrophobic 5 

group was required for NUDT15 inhibition. Noting a slightly improved IC50 with the carbamate 4, 6 

we next installed a carbonyl between the piperazine and the phenyl (compound 6), resulting in 7 

more than 30-fold improvement of potency compared to hit compound TH884. In contrast, 8 

extension of this linker strongly reduced potency (7 and 8). Substitution of the phenyl ring of 9 

compound 6 in ortho, meta and para positions (9, 10, and 11) further enhanced activity, 10 

particularly, the 4-bromo analogue 11, which led to 4-fold improvement over 6. Other para 11 

substituents including methyl (12), amino (13), cyano (14), methanesulfonyl (15), or guanidine 12 

(16) failed to further improve potency of compound 6. Finally, while the presence of a 13 

benzofuran ring (17) did not increase the efficacy substantially, replacement of the phenyl ring 14 

by an indole led to discovery of the lead compound 18 (TH1760), which demonstrated more 15 

than 200-fold improvement in biochemical potency compared to hit compound TH884 in 16 

inhibiting the hydrolysis of dGTP (MG assay IC50 = 25 nM vs 7 M, Fig. 1b) or the preferred 17 

substrate of NUDT15, 6-thio-dGTP (IC50 = 57 nM vs 12.5 M, Extended Data 1). Further SAR 18 

work (Supplementary Table 3) showed that the sulfonamide function is necessary for activity; its 19 

conversion to an amide abrogated activity (19). Replacement of the indolyl-amide carbonyl by a 20 

urea linker (20) or its removal (21), both reduced potency.  21 
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We further interrogated the selectivity of the lead compound TH1760. When tested at 1 

100 µM (approximately 4000-fold above IC50 against NUDT15), TH1760 showed impressive 2 

selectivity over a panel of related proteins with sequential or functional resemblance to 3 

NUDT15, including other human NUDIX proteins (MTH1, NUDT2, NUDT5, NUDT9, NUDT12, 4 

NUDT14, NUDT18 and NUDT22) and nucleotide pyrophosphatases (dCTPase, dUTPase and 5 

ITPase) (Fig. 1c). The selectivity of TH1760 was further scrutinized and confirmed with the 6 

Eurofins Cerep SafetyScreen44TM Panel and a curated library of 44 kinases, where TH1760 at 10 7 

or 12 µM, respectively, did not demonstrate significant interaction and/or inhibition of the 8 

tested targets (Extended Data 2). 9 

We next confirmed that TH1760 inhibited NUDT15 through a direct interaction, by 10 

monitoring NUDT15 thermal stability using the differential scanning fluorimetry (DSF). 11 

Incubation with TH1760 stabilized NUDT15 from heat-induced unfolding and increased its 12 

melting temperature by >10 °C in a dose-dependent manner over the DMSO control (Fig. 1d). 13 

Meanwhile, the initial hit compound TH884 could not substantially alter NUDT15 stability, 14 

indicating that the improved potency of TH1760 was owing to its increased affinity to NUDT15.  15 

 16 

Structural insight into NUDT15 inhibitor development  17 

To gain further insight into the inhibitory mechanism of TH1760, we determined the structure of 18 

NUDT15 co-crystalized with TH1760 at a resolution of 1.6 Å (Fig. 2a, Supplementary Fig. 3a). 19 

TH1760 binds deep in the substrate pocket of NUDT15 in a similar orientation as 6-thio-GMP 20 

(PDB ID: 5LPG)2. Similarly to the guanine of 6-Thio-GMP, the benzoxazolone moiety of TH1760 21 

also forms a direct hydrogen bond with the peptide backbone of Gly137 (Fig. 2b). TH1760 22 
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further forms another two hydrogen bonds with NUDT15: firstly, between the carbonyl group of 1 

the benzoxazolone moiety and the backbone of Leu138; and secondly, between the 2 

sulfonamide group and Thr94, which only interacted with 6-thio-GMP via a coordinated water 3 

molecule. Additionally, the amide oxygen and the indole nitrogen of TH1760 engage in water-4 

mediated interactions with Arg34 and Glu88, respectively, with the latter further strengthened 5 

by a perpendicular pi-stacking interaction between the aromatic rings of the indole group and 6 

Tyr90 (Fig. 2c). These additional interactions observed in the NUDT15-TH1760 complex, but not 7 

in the NUDT15-6-thio-GMP structure, likely confer TH1760 with a higher binding affinity to 8 

NUDT15 than 6-thio-GMP. 9 

From the binding modality between TH1760 and NUDT15, we next developed an inactive 10 

analogue of TH1760 to serve as a negative control. As the benzoxazolone moiety of TH1760 fits 11 

tightly into the NUDT15 substrate pocket, we rationalized that N-methylation of the 12 

benzoxazolone would create steric hindrances and compromise binding to NUDT15 13 

(Supplementary Fig. 3b). As predicted, the resulting compound 22 (TH7285) could not stabilize 14 

NUDT15 from heat-induced denaturation, suggesting a loss of direct binding to NUDT15; and 15 

furthermore, abolished inhibition of the dGTPase (MG assay IC50 > 100 µM) (Fig. 2d-e) and 6-16 

thio-dGTPase (Extended Data 1) activities of NUDT15.  17 

 18 

Cellular engagement of NUDT15 by lead compound TH1760  19 

To determine if the biochemical potency of TH1760 could be translated to the cellular context, 20 

we next evaluated TH1760 with two orthogonal cellular target engagement assays using both 21 

endogenous and HA-tagged NUDT15. Epitope tagging was preferred to ensure accurate 22 
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detection of NUDT15 protein with higher affinity antibodies. The cellular thermal shift assay 1 

(CETSA) is based on the principle that ligand binding could alter protein thermal stability and 2 

hence its aggregation temperature (Tagg) upon heating 33. In the assay, intact HL-60 cells 3 

overexpressing HA-tagged NUDT15 were treated with the hit compound TH884, the lead 4 

TH1760, its inactive analogue TH7285, or DMSO control prior to heating at increasing 5 

temperatures. Detection of the remaining soluble NUDT15 via western blot demonstrated that 6 

only TH1760, but not TH884 or TH7285, significantly affected the thermal stability of cellular 7 

NUDT15 by dose-dependently increasing the apparent Tagg by up to ~6.5 °C (Fig. 3a). Isothermal 8 

dose response fingerprint (ITDRF) CETSA in intact NB4 cells or its lysate further confirmed that 9 

TH1760 substantially stabilized NUDT15 from 10 µM (Supplementary Fig. 4). Alternatively, 10 

TH1760 was subjected to the Drug Affinity Responsive Target Stability (DARTS) assay34, which 11 

assesses target engagement based on resistance to protease digestion. In agreement with 12 

CETSA, TH1760, but not the inactive analogue TH7285, protected endogenous and HA-tagged 13 

NUDT15, respectively, from pronase digestion when applied to U2OS cell lysate (Fig. 3b) or 14 

intact HCT116 cells (Fig. 3c). Collectively, these data strongly suggest that TH1760 is a cell-active 15 

inhibitor of NUDT15.  16 

 17 

Inhibition of cellular NUDT15 by TH1760 18 

Having demonstrated the on-target binding of the lead NUDT15 inhibitor TH1760, we next 19 

sought to determine if TH1760 also exhibits in-cell functional activity. However, loss of NUDT15 20 

activity has yet to be linked to any robust phenotype, hampering inhibitor evaluation based on 21 

its physiological functions. We instead exploited the role of NUDT15 in controlling thiopurine 22 
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efficacy by converting 6-thio-(d)GTP back to the inactive species, 6-thio-(d)GMP. We reasoned 1 

that in-cell inhibition of NUDT15 could be evaluated by the phenotype of thiopurine 2 

potentiation (Fig. 4a).  3 

Thiopurines, mainly 6-thioguanine (6-TG) and mercaptopurine (6-MP), are routinely 4 

administered to treat ALL, AML and CML18-21, hence the AML cell lines HL-60 and NB4 were 5 

employed as the experimental model in this study. Consistent with the literature, NUDT15 6 

knockdown in NB4 and HL-60 cells via shRNA substantially decreased the thiopurine 7 

concentrations required to inhibit 50% of cell proliferation (EC50) (Fig. 4b; Extended Data 3a-b); 8 

while no significant effect on DNA replication was caused by knockdown alone (Extended Data 9 

3c-d). Critically, the observed thiopurine sensitization could only be attenuated by 10 

overexpressing shRNA-resistant wildtype (WT) but not catalytically dead (NUDT15 E67A; CD)35 11 

or unstable (NUDT15 R139C; US)29 NUDT15 protein, thus validating thiopurine potentiation as a 12 

read-out for NUDT15 catalytic activity (Fig. 4c; Extended Data 3e-h).  13 

Next, NB4 and HL-60 cells were treated with a dose-matrix of thiopurine (6-TG or 6-MP) 14 

and TH1760 before cell viabilities were determined by resazurin assay and synergy score 15 

calculated. While TH1760 alone minimally altered DNA replication, proliferation, or viability up 16 

to 100 μM, it displayed strong synergistic killing when combined with thiopurines and dose-17 

dependently reduced the EC50 values by up to ~10-fold, mirroring the sensitivity seen with 18 

NUDT15 knockdown (Fig. 5a-b; Supplementary Fig. 5a-e). The percentage of sub-G1 cells, an 19 

indicator of cell death, followed the same trend (Supplementary Fig. 5f-i). To validate that the 20 

observed effects were not restricted to certain cell lines, the TH1760-induced thiopurine 21 
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sensitization was further shown with a panel of hematological cell lines (Fig. 5c; Extended Data 1 

4a-b).  2 

To confirm that TH1760 potentiated thiopurines through inhibiting NUDT15, we next 3 

applied 6-TG, with or without TH1760, to NB4 cells with conditional NUDT15 knockdown. 4 

TH1760 demonstrated consistent dose-dependent potentiation of 6-TG in NUDT15-proficient 5 

cells, which, however, was abrogated upon NUDT15 depletion (Fig. 5d; Extended Data 4c). 6 

Furthermore, TH7285, the inactive analogue of TH1760, could not sensitize cells to 6-TG, further 7 

underscoring that TH1760 potentiates thiopurine cytotoxicity in a NUDT15-dependent manner 8 

(Fig. 5e; Extended Data 4d-e).  9 

Emerging resistance to anticancer antimetabolites remains a major barrier to effective 10 

disease control. We next investigated the potential of TH1760 in overcoming thiopurine 11 

resistance. Here we first combined TH1760 with 6-TG treatment in HCT116 cells, a colorectal 12 

carcinoma cell line exhibiting 6-TG resistance due to defective mismatch repair (MMR) 13 

machinery24, along with its MMR-restored counterpart HCT116 3-6 cells. TH1760 effectively 14 

sensitized both cell lines to 6-TG, mirroring the effect of shRNA-guided NUDT15 depletion29(Fig. 15 

5f). These data demonstrate that 6-TG potentiation via TH1760 is unsurprisingly unrelated to 16 

the MMR machinery and more importantly, that NUDT15 inhibition is a potentially viable path 17 

to re-sensitize 6-TG-resistant malignancies. This is further supported by the observation that 18 

TH1760 effectively reduced 6-TG cytotoxic IC50 values by 10-fold in 697 cells, a B-ALL cell line 19 

harboring a hyperactive variant (R238W)36 of the nucleotidase NT5C2 (Extended Data 4f), 20 

another resistance-driving mutation exhibited among relapsed ALL patients37. Additionally, 21 

using a pair of isogenic fibroblast cell lines with vastly different malignant potentials, i.e., the 22 
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hTERT-immortalized BJ-hTERT cells and their tumorigenic progeny BJ-RAS cells that express 1 

SV40 large T antigen and oncogenic HRAS38, we observed that TH1760 preferentially sensitized 2 

BJ-RAS cells to 6-TG versus their non-transformed counterpart BJ-hTERT cells (Fig. 5g), further 3 

indicating that particularly in the presence of oncogene, TH1760 may confer thiopurine a 4 

potential widening of its therapeutic window, which warrants further investigation.  5 

Mechanistically, compounds that increase thiopurine toxicity through inhibiting NUDT15 6 

should also result in elevated accumulation of 6-thio-(d)GTP in nucleic acids. Combining TH1760 7 

with thiopurines significantly elevated the intracellular accumulation of 6-thio-dGTP/6-thio-GTP 8 

and their incorporation into DNA/RNA, respectively, determined by the DNA/RNA radioactivity 9 

levels upon treatment with 14C-labelled 6-MP (Fig. 6a; Extended Data 5a), or more precisely by 10 

identifying the 6-thio-(d)GTP lesions via mass spectrometry when treated with label-free 6-TG 11 

(Fig. 6b; Extended Data 5b). The intracellular accumulation of 6-thio-(d)GTP further coincided 12 

with increases in DNA damage (higher comet tail moment) (Fig. 6c), DNA damage repair 13 

responses (induction of γH2AX, CHK1 and CHK2 phosphorylation), G2-phase cell cycle arrest, 14 

and finally, apoptosis (induction of cleaved PARP and caspase 3) (Fig. 6d; Extended Data 5c-d), 15 

all of which recapitulated thiopurine-induced responses in NUDT15-depleted cells29. Altogether, 16 

these data strongly suggest that TH1760 is a bona fide potent, selective and cell-active probe for 17 

NUDT15.  18 
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DISCUSSION 1 

The human NUDIX family has proven to be remarkably diverse in both their substrates and 2 

functions, following a period of initial characterization as seen through the lens of oxidized 3 

nucleotide sanitation3. Genetic and chemical biology-based exploration of their roles has 4 

elucidated novel biological functions and influences on disease pathology and treatment39, and 5 

more importantly, underscored the importance of developing small molecule probes that can 6 

dissect the functional underpinnings of NUDIX enzymes within a cellular context. 7 

NUDT15 (MTH2) was first described as a sanitizer of the oxidized nucleotide pool akin to 8 

and as a potential redundancy factor for MTH15-7; however, more recent evidence has 9 

suggested that the contribution of NUDT15 to this process is likely minimal8. Following a series 10 

of pharmacogenomics reports demonstrating a strong association between NUDT15 missense 11 

mutations and thiopurine intolerance in patients, we and others discovered that NUDT15 12 

hydrolyzes the active metabolites of thiopurine treatments thereby limiting their toxicity and 13 

explaining why destabilizing missense mutations predispose patients to thiopurine 14 

intolerance16,29. Nonetheless, thiopurines are not natural substrates and the physiological 15 

functions of NUDT15 in human cells are still unknown. In fact, NUDT15 knockout mice show no 16 

gross physiological changes or predisposition to poor health30. 17 

Here, we describe TH1760 as the first specific small molecule inhibitor to probe NUDT15 18 

function(s) in cells. Following conventional high-throughput screening and structure-based 19 

design, we comprehensively demonstrated that TH1760 potently inhibits and binds NUDT15 20 

enzymatic function in vitro and in cells. At the tested concentration of 10 µM, TH1760 21 

effectively engaged intracellular NUDT15 and further strongly potentiated its substrate 22 
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thiopurines metabolites, without demonstrating apparent off-target toxicity.  We additionally 1 

validated TH1760 as a specific NUDT15 probe with an inactive structural analog, TH7285. The 2 

addition of a methyl group on the nitrogen of the benzoxazolone ring completely abolished the 3 

binding to NUDT15 in vitro and in cells, as well as had no effect on thiopurine cytotoxicity, thus 4 

confirming that potentiation of thiopurine toxicity is a direct effect of inhibiting NUDT15 5 

enzymatic activity. This is in line with the inability of the catalytically-compromised E67A mutant 6 

to hydrolyze NUDT15 substrates or to rescue cells from thiopurine toxicity (Extended Data 3e; 7 

Fig. 4c).  8 

While it is clear that catalytic inhibition of NUDT15 potentiates thiopurine efficacy, it is 9 

debatable if NUDT15 inhibitors would be of clinical benefit as a thiopurine combination therapy. 10 

A recent report using a novel NUDT15 knockout mouse model, demonstrated that NUDT15 can 11 

guide thiopurine therapy by balancing the toxicity and anti-leukemic efficacy30. They have 12 

confirmed that therapeutic efficacy is preserved in Nudt15-/- mice on a reduced 6-MP dose 13 

compared to Nudt15+/+ counterparts exposed to a standard dosage (20-fold decrease). These 14 

results suggest that it is feasible to treat leukemia patients with systemically low NUDT15 15 

activity with a reduced thiopurine dosing regimen, and further indicate an opportunity to 16 

employ NUDT15 inhibitors such as TH1760 as an additional measure to fine-tune thiopurine 17 

dosing in the clinic. Also on a positive note, we preliminarily observed that TH1760 could 18 

preferentially potentiate the tumorigenic versus non-transformed fibroblast cells (Fig. 5g). Still, 19 

lack of conclusive evidence of NUDT15 being overexpressed or hyperactivated in disease target 20 

cells (e.g., by activating mutations) makes it uncertain if a sufficient therapeutic window exists 21 
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to justify broadly utilizing NUDT15 inhibitors as a booster for thiopurine-based treatment 1 

regimens.  2 

Nevertheless, it has recently been shown that a thiopurine-derived compound, 6-thio-3 

dG, can be readily incorporated into de novo synthesized telomere as 6-thio-dGTP, thereby 4 

inducing telomere dysfunction and selective cytotoxicity in telomerase-expressing cancer cells 5 

such as glioma and medulloblastoma27,28. While the studies of 6-thio-dG still remain pre-clinical, 6 

it is certainly worthy to explore the therapeutic outcome of combining NUDT15 inhibition, 7 

potentially via TH1760, to this process. 8 

Interestingly, we saw that while re-expression of wild-type NUDT15 could rescue the 9 

effect of NUDT15 depletion on thiopurine toxicity, overexpression in cells with basal NUDT15 10 

activity was unable to appreciably desensitize them, despite a roughly 10-fold increase in overall 11 

NUDT15 expression (Extended Data 3f, h). This could suggest that increased NUDT15 activity 12 

alone is not sufficient to cause resistance to thiopurine therapies, and likely reflects the 13 

combined effects of multiple thiopurine-metabolizing and effector enzymes on toxicity40-42. This 14 

is further appreciated by the high variability of NUDT15-induced thiopurine sensitization in 15 

different hematological cell lines (Fig. 5c, Extended Data 4a,b). Given the complex picture of 16 

thiopurine metabolism, nevertheless, using TH1760, we could re-sensitize cell lines harboring 17 

clinically relevant 6-TG resistance mutations, including B-ALL cell line 697 that expresses a 18 

relapse-specific hyperactive mutant (R238W) of the nucleotidase NT5C236,37,43, and colorectal 19 

carcinoma cell line HCT116 that has defective MMR machinery24,29 (Fig. 5f, Extended Data 4f). 20 

These data clearly suggest that TH1760 is a valuable tool to decipher the potential of NUDT15 21 

inhibition in overcoming emerging resistance during thiopurine therapy37.  22 
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Aside from 6-thio-(d)GTP, NUDT15 has also demonstrated considerable activity against 1 

canonical nucleotides such as dGTP, dUTP and dTTP8, indicating potential catalytic activity 2 

against their analogues. Comprehensive biochemical and/or cell-based screening of 3 

therapeutically relevant nucleoside/nucleotide analogues will elucidate the role of NUDT15 on 4 

their metabolism and efficacies, and additionally if NUDT15 inhibition via TH1760 could improve 5 

their therapeutic efficacies.  6 

Perhaps more importantly, the availability of a chemical probe to rapidly control 7 

NUDT15 catalytic activity should prove invaluable to understanding its underlying biological 8 

functions, as well as additional contexts for therapeutic intervention. Approaches with 9 

expression ablation of NUDT15 (siRNA, shRNA), while consistently showing negligible effects on 10 

cellular fitness or proliferation capacity (Extended Data 3c-d), do not possess the temporal 11 

precision or the differentiation between the enzymatic versus non-enzymatic functions, which 12 

can be instead provided by a cell-active inhibitor. For these reasons, we herein present TH1760, 13 

the first bona fide highly potent and selective NUDT15 inhibitor to interrogate  NUDT15 biology 14 

and furthermore, as a tool to uncover novel treatment options against human diseases.  15 
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MAIN FIGURE LEGENDS  1 

Fig. 1 Development of first-in-class NUDT15 inhibitor with nanomolar potency. 2 

a. Screening campaign for putative NUDT15 inhibitor, utilizing an enzyme-coupled malachite 3 

green (MG) assay (upper panel), with the hit TH884 highlighted. b. Development from TH884 to 4 

the lead TH1760 with ~300-fold potency improvement, shown using MG assay. Inhibition% of 5 

n=2 experiments performed in duplicate shown. c. TH1760 was selective towards NUDT15, 6 

when assayed against other Nudix enzymes and/or pyrophosphatase at 100 µM. Mean 7 

inhibition of a representative experiment performed in triplicate shown, total of two 8 

experiments performed. d. TH1760 significantly stabilized NUDT15 from thermal denaturation 9 

in a dose-dependent manner, shown using DSF assay. Mean fluorescence signal (RFU) of a 10 

representative experiment performed in duplicates, with the melting temperatures in figure 11 

inset; total of two experiments performed.  12 

 13 

Fig. 2 Structural insight into NUDT15 inhibitor development 14 

a. Close-up view of the binding interactions between TH1760 with NUDT15. Hydrogen bonds are 15 

shown in black and relevant residues are shown in stick representation.  NUDT15 is shown in 16 

green, TH1760 in magenta and 2Fo-Fc electron density map around TH1760 in blue.  b. 17 

Comparison of the binding positions of TH1760 and 6-Thio-GMP.  Structurally aligned 6-Thio-18 

GMP (PDB ID: 5LPG) is shown in grey.  c. Ligplot+ representation of interactions between 19 

NUDT15 and TH1760, with hydrophobic interactions shown as an arc with spokes and hydrogen 20 

bonds shown as dashed lines. d. TH7285, a close analogue of TH1760, could not inhibit NUDT15, 21 

shown using MG assay. Inhibition % of n=2 experiments performed in duplicate shown. e. 22 
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TH7285 minimally stabilized NUDT15 at 10 µM, shown using DSF assay. Mean RFU ± SEM of n = 1 

3 experiments shown. 2 

 3 

Fig. 3 TH1760, the lead NUDT15 inhibitor, displayed target engagement in cells. 4 

a. TH1760, but not the hit TH884 or the inactive analogue TH7285, displayed target engagement 5 

in HL-60 overexpressing HA-tagged NUDT15. Compared to TH884 and TH7285, TH1760 6 

substantially stabilized cellular NUDT15 from heat denaturation, demonstrated by CETSA. A 7 

representative Western blot shown in the bottom panel and mean band densities ± SEM of n = 3 8 

experiments shown on top.  Thermal stable protein SOD-1 served as the loading control. b. 9 

TH1760, but not TH7285, displayed target engagement using the orthogonal DARTS assay. 10 

Compound-treated lysates of U2OS cells were incubated with pronase solution or sample buffer 11 

(non-digestion, ND), followed by assaying for non-digested cellular NUDT15 via Western blot. 12 

GAPDH served as loading control. TH1760, but not TH7285, stabilized NUDT15 from pronase-13 

guided digestion. c. TH1760 engaged and stabilized NUDT15 when applied to intact HCT116 14 

cells. Intact HCT116 cells overexpressing HA-tagged NUDT15 were treated with 10 μM TH1760 15 

for 4 h before been lysed and subject to DARTS assay. Protein lysate to pronase concentration 16 

ratios are indicated and GAPDH served as a loading control. Two experiments performed for b 17 

and c. 18 

 19 

Fig. 4 NUDT15 inactivation potentiated thiopurine – a model for NUDT15 inhibitor evaluation. 20 

a. Schematic drawing of thiopurine activation and metabolism. In cells, thiopurines 21 

(Azathioprine, AZA-T; 6-mercaptopurine, 6-MP; and 6-thioguanine, 6-TG) are converted into 6-22 
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thio-(d)GTP before being incorporated into the genomic material, and eventually cause cell 1 

death. NUDT15 limits thiopurine efficacy by converting 6-thio-(d)GTP into the non-toxic 6-thio-2 

(d)GMP. b. Depletion of NUDT15 sensitized AML-derived NB4 cells to thiopurine treatment.  3 

Expression of NUDT15-specific shRNA (shN15), but not the non-targeting control shRNA (shNT), 4 

sensitized the cells to 6-TG treatment. Cell viabilities were determined using resazurin viability 5 

assay and calculated by normalizing to no doxycycline (DOX), DMSO-treated controls. Mean % ± 6 

SEM of n=3 experiments shown. c. NUDT15 enzymatic activity is the key in modulating 7 

thiopurine cytotoxicity in NB4 cells. NB4 cells co-expressing DOX-inducible shN15 and shN15-8 

resistant, HA-tagged NUDT15 overexpression constructs (wildtype, WT; catalytically dead, CD; 9 

or unstable, US) were assayed for viability under 6-TG treatment. Only the expression of WT, 10 

but not CD or US NUDT15 protected cells from 6-TG. Cell viability % was assayed using resazurin 11 

viability assay and calculated by normalizing to DMSO-treated controls. Mean ± SEM of n=3 12 

experiments shown.  13 

 14 

Fig. 5 TH1760 sensitized cells to thiopurine in a NUDT15-dependent manner.  15 

a. b. TH1760 potentiated thiopurines in NB4 (a) and HL-60 (b)cells in a dose-dependent and 16 

synergistic manner. Mean viabilities ± SEM of n=3 experiments shown (left). Total synergy 17 

scores (δ) (right) of 6-TG/TH1760 co-treatment are shown with the dose-matrix in heat maps. c. 18 

TH1760 potentiated 6-TG in a panel of hematological cell lines. EC50 was determined by curve-19 

fitting mean viabilities (n=3 experiments) using non-linear regression model; EC50(6-TG only) Vs. 20 

EC50(6-TG+TH1760), ** p=0.0013, t=4.582, df=9, 95% CI=0.3434~0.6961, r2=0.6999, (two-tailed 21 

ratio paired t-test, Graphpad Prism). d. TH1760-mediated 6-TG potentiation was abrogated 22 
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upon NUDT15 knockdown via Dox-induced shRNA expression. EC50 shown with upper/lower 1 

limits were determined by curve-fitting mean viabilities (n=2 experiments) via non-linear 2 

regression model (Graphpad Prism). e. TH7285 did not potentiate 6-TG in HL-60 cells, upon co-3 

treatment with 6-TG for 96h. Cell viabilities of n=2 experiments performed in duplicates shown, 4 

lines connecting means. f. TH1760 sensitized HCT116 and HCT116 3-6 cells to 6-TG, shown using 5 

clonogenic survival assay. Mean survival fraction ± SEM of n=3 experiments shown. Two-tailed t 6 

tests,  DMSO Vs. TH1760 group: in HCT116, p=0.04 and 0.003 at 1.25 and 2.5 µM 6-TG; in 7 

HCT116 3-6, p=0.007, 0.001, 0.03, 0.02 at 0.3125, 0.625, 1.25 and 2.5 µM 6-TG. g. TH1760 8 

preferentially sensitized tumorigenic BJ-RAS cells, versus the isogenic non-transformed BJ-hTERT 9 

cells. Mean ± SEM of n=3 experiments shown. Unless otherwise stated, cell viabilities were 10 

determined using resazurin viability assay and normalized to DMSO-treated control cells. 11 

 12 

Fig. 6 TH1760 sensitized cells to thiopurines through promoting intracellular accumulation and 13 

incorporation of 6-thio-dGTP. 14 

a. b. TH1760 significantly enhanced the intracellular accumulation and incorporation of 15 

thiopurines and their metabolites. HL-60 cells were treated with thiopurines alone or combined 16 

with 10 μM TH1760 for 16h, before levels of 14C-labbeled 6-MP metabolite in DNA were 17 

determined via radioactive counts (a), or 6-thio-dGTP lesions in DNA were measured via mass 18 

spectrometry  (b). Mean  SEM of n=3 experiments shown. In a, DMSO Vs. TH1760 group: at 1 19 

μM 6-MP, **p = 0.00027, t ratio=4.638, df=16; at 2μM 6-MP, **p = 0.00047, t ratio=4.381, 20 

df=16. In b, DMSO Vs. TH1760 group: at 0.5μM 6-TG, **p = 0.00117, t ratio=8.267, df=4; at 1μM 21 

6-TG, *p = 0.02, t ratio=4.532, df=3. All performed with multiple t-test (two-tailed, Holm-Sidak 22 
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correction). c. TH1760 potentiated 6-TG-induced DNA damage in NB4 cells. NB4 cells treated 1 

with 6-TG alone or combined with 10 μM TH1760 for 48 h were assayed for DNA damage by 2 

alkaline comet assay. Top panel: Quantification of the tail moment of a representative 3 

experiment performed in duplicate (200 cells per condition). Lines represent geometric mean 4 

tail moments. DMSO Vs. TH1760 group: at 0 nM 6-TG, n.s., p=0.7054; 50 nM 6-TG, 5 

****p < 0.0001, Z=9.652; 200 nM 6-TG, ****p < 0.0001, Z=11.78 (Kruskal–Wallis test, Dunn’s 6 

correction, GraphPad Prism). Bottom panel: Representative, pseudo-colored images of treated 7 

NB4 cells following the alkaline comet assay. d. Western blot of DNA damage and apoptotic 8 

markers in HL-60 cells treated as described in c, confirming that TH1760 potentiated 6-TG-9 

induced cellular responses. Two experiments performed. 10 
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ONLINE METHODS 1 

Protein production 2 

WT NUDT15, MTH1, NUDT2, NUDT5, NUDT9, NUDT12, NUDT14, NUDT18, dCTPase, ITPase, 3 

dUTPase and NUDT22 were expressed and purified as before (see Supplementary Fig. 6 for 4 

enzyme purity)8,39,44. NUDT15 E67A was generated using site-directed mutagenesis using 5 

Phusion High-Fidelity PCR Master Mix (Thermo Fisher Scientific), an annealing temperature of 6 

55 °C and the following oligonucleotides: 7 

NUDT15E67A_F:  5’ – GGGAAACCTGGGAAGCAGCAGCTCTTCACC – 3’ 8 

NUDT15E67A_R:  5’ – GGTGAAGAGCTGCTGCTTCCCAGGTTTCCC – 3’ 9 

Sequence-verified NUDT15 E67A construct was then expressed from pNIC28 (Novagen) in E. coli 10 

Rosetta (Novagen) upon induction by 0.5 mM IPTG, followed by bacteria lysis using BugBuster 11 

protein extraction reagent (Millipore) supplemented with benzonase (2.5 U/mL, Merck-12 

Millipore) and cOmplete Mini, EDTA-free protease inhibitor (Roche). Protein was purified from 13 

clarified lysates on a HisTrap column (GE Healthcare), using buffer A (20 mM HEPES pH 7.5, 250 14 

mM NaCl, 25 mM Imidazole) as starting buffer and an imidazole gradient (25–500 mM) in buffer 15 

A as the elution buffer. Protein-containing fractions were confirmed by SDS-PAGE and pooled 16 

for dialysis in 20 mM HEPES pH 7.5, 20 mM NaCl, 10% glycerol. NUDT15 E67A was further 17 

purified on a MonoQ column (GE Healthcare) using Buffer B (20 mM HEPES pH 7.5, 20 mM NaCl, 18 

10% glycerol) and eluted using a gradient of NaCl in buffer B ranging from 0.02-1.0 M NaCl. 19 

Protein-containing fractions were confirmed by SDS-PAGE and His-tag was removed by TEV 20 

protease, followed by purifying the reaction mixture with a His Trap column as described. Flow 21 

through was dialyzed overnight in storage buffer (20 mM HEPES pH 7.5, 300 mM NaCl, 10% 22 
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glycerol, 1 mM TCEP), aliquoted and stored at 80°C. All purification was performed in the 1 

absence of reducing agent.  2 

Protein purities were confirmed using SDS-PAGE and Coomassie staining, and concentrations 3 

were determined by NanoDrop (Thermo Fisher Scientific) A280 measurement. 4 

 5 

In vitro NUDT15 activity assay  6 

Malachite green assay – NUDT15 enzymatic activity and in vitro potency evaluation of putative 7 

NUDT15 inhibitor were determined using a previously described enzyme-couple malachite 8 

green assay8.  Briefly, 2nM recombinant NUDT15 in reaction buffer (100 mM Tris-Acetate pH 9 

8.0, 40 mM NaCl, 10 mM Mg-Acetate, 1 mM DTT) was incubated with 50 µM dGTP (Sigma 10 

Aldrich D4010), alone or with test compounds at desired concentrations, at 22°C for 20 min. 11 

Buffer only served as positive control for complete enzyme inhibition. Hydrolysis reaction was 12 

then coupled to an excess of E. coli pyrophosphatase (0.4 U/mL, Sigma-Aldrich I5907) for 20 min 13 

under agitation to convert hydrolysis-released pyrophosphate (PPi) to inorganic phosphate, 14 

which was in turn measured by absorbance at 630 nm after incubating with malachite green 15 

reagent for 15 min under agitation. The catalytic activity of NUDT15 E67A mutant against 6-thio-16 

dGTP was similarly determined, with exception of using 50 µM 6-Thio-dGTP as reaction 17 

substrate, and the inclusion of a PPi standard curve ranging from 0 to 5 μM PPi to calculate 18 

produced PPi. 19 

PPiLight inorganic pyrophosphate assay – Inhibition of the 6-thiodGTPase activity was 20 

performed using PPiLight inorganic pyrophosphate assay (Lonza, #LT07-610), where assay pH is 21 

close to cellular conditions. Briefly, inhibition curves were produced for TH1760 using a dilution 22 
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series ranging from 13.3 µM to 75 pM, for TH884 and TH7285 from 15 µM to 2.2 nM. Activity of 1 

10 nM NUDT15 activity was determined in assay buffer (100 mM Tris acetate pH 7.5, 40 mM 2 

NaCl, 100 mM Magnesium acetate, 1 mM DTT). Since the Km of NUDT15 for 6-thio-dGTP was 3 

previously determined to 2 µM29, a 6-thio-dGTP (Jena Bioscience, NU-1213S) concentration of 4 

2.5 µM was used in the assay. The reaction mixture was incubated by shaking at 22 °C for 30 5 

minutes before detection of formed PPi using PPiLight inorganic pyrophosphate assay (Lonza, 6 

#LT07-610) via luminescence reading in a Hidex plate reader. 7 

 8 

Small molecule library composition  9 

The screen for NUDT15 inhibitors was conducted at the Chemical Biology Consortium Sweden 10 

(www.cbcs.se). The screening campaign comprised a combination of in-house and commercially 11 

available libraries, amounting to a total of 17,946 compounds. The commercial compounds 12 

originate from Enamine, whereas the in-house libraries were partly donated by Biovitrum AB, 13 

Sweden (the origin and composition has been described previously)31. Compounds included in 14 

the screening set were selected to represent a diverse selection of a larger set of 65,000 15 

compounds, while keeping a certain depth to allow crude structure–activity relationship studies. 16 

The selection was also biased towards lead-like and drug-like profiles with regards to molecular 17 

weight, hydrogen bond donors/acceptors and LogP1. 18 

For long-term storage the compounds are kept frozen at -20°C as 10 mM solutions in dimethyl 19 

sulfoxide (DMSO) under low humidity conditions in REMP 96 Storage Tube Racks in a REMP 20 

Small-Size Store™. To facilitate screening aliquots of the stock solutions were transferred to 21 

Labcyte 384 LDV plates (LP-0200) and then further into Labcyte 1536 HighBase plates (LP-22 

http://www.cbcs.se/
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03730) to enable dispensing using an Echo 550™ acoustic liquid handler (LabCyte). For this 1 

campaign 40 nL of the compound solutions were dispensed directly into columns 1-22 of the 2 

384-well assay plates (Nunc 242757), while columns 23 and 24 were reserved for controls as 3 

outlined below. The plates were sealed with a peelable Aluminum seal (Agilent 24210-001) 4 

using a PlateLoc thermal microplate sealer (Agilent) and kept at RT until used. The final 5 

compound concentration in the screen was 10 µM with a final DMSO concentration of 0.1% in 6 

all wells. 7 

 8 

Small molecule NUDT15 inhibitor screening campaign 9 

Screening of small molecule NUDT15 inhibitors were conducted using the enzyme-coupled 10 

malachite green assay. Recombinant human NUDT15 (2nM) was incubated with 50 µM dGTP, 11 

alone or in combination with screening compounds (100 µM), in the assay buffer (10 mM Tris-12 

Acetate at pH 8.0, 40 mM sodium chloride, 10 mM magnesium acetate, 0.005% Tween-20 and 1 13 

mM dithiothreitol) at RT for 1 h. The hydrolysis reaction was then coupled to a significant excess 14 

of inorganic pyrophosphatase (0.4 U/mL) to convert hydrolysis-resulted pyrophosphate to 15 

inorganic phosphate, which was in turn measured by absorbance at 630 nm (read time 0.1 16 

s/well, Victor 3 from PerkinElmer) after incubating with malachite green reagent for a minimum 17 

of 8 min under agitation.  18 

Screening assay was conducted with total assay volume of 40 µL/well in 384-well assay plates 19 

(Nunc 242757), composed of 10 µL enzyme solution, 30 µL substrate solution and 40 nl 10mM 20 

compounds solutions pre-dispensed using a FlexDrop IV (PerkinElmer). On each assay plate, 21 

column 24 contained NUDT15-free reaction buffer only and served as positive control (100% 22 
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enzyme inhibition), while column 23 without compound served as negative control (0% 1 

inhibition).  Raw absorbance value at 630 nm was then normalized to negative and positive 2 

controls on each individual plate. Hit-limit was identified by the average plus three standard 3 

deviations of the library compound responses, resulting in a hit rate of 0.55%. Subsequent 4 

three-dose (2.5, 10 and 20 µM) hit confirmation was conducted using the same assay condition.  5 

 6 

Selectivity assay for TH1760 7 

The selectivity assay for TH1760 against pyrophosphatase and/or other NUDIX enzymes were 8 

conducted using MTH1, NUDT2, NUDT5, NUDT9, NUDT12, NUDT 14, NUDT18, NUDT22, ITPase, 9 

dCTPase and dUTPase, as described previously8,39,44,45. Briefly, enzyme activities were 10 

determined using enzyme-coupled malachite green assays, where individual enzymes were 11 

incubated with desired substrate alone or in combination with 100 µM TH1760, for 15-20 min at 12 

room temperature (RT) in the reaction buffer (100 mM Tris Acetate, pH 8, 40 mM NaCl, 10 mM 13 

MgAc, 1 mM DTT, 0.005% Tween 20). Coupled enzymes and malachite green reagent were 14 

subsequently added to allow the measurement of reaction-released inorganic phosphate via 15 

absorbance at 630 nm. Specific assay conditions are summarized in Supplementary Fig. 7. 16 

 17 

Crystallization and structure determination 18 

Full length NUDT15 (20 mg/mL) was crystallized in the presence of α-Chymotrypsin (0.2 mg/mL) 19 

and 10 mM of TH1760 dissolved in DMSO 20 mM HEPES, pH 7.5, 300 mM NaCl, 10% Glycerol 20 

and 1 mM TCEP. Sitting drop vapor diffusion experiments at 18°C were performed, and NUDT15 21 

was mixed with reservoir solution (0.1 M Tris-HCl pH 8.5, 0.15 M MgCl2, and 30% PEG3350) in a 22 
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1:2 ratio. Diffraction quality crystals appeared in the first week, followed by quick extraction 1 

without additional cryoprotectant and flash frozen in liquid nitrogen. Data collection was 2 

performed at 100 K and a wavelength of 0.9 Å, at beam line 14.1 (BESSY, Germany). Data 3 

reduction and processing were carried out using iMOSFLM46 and Aimless47 from the CCP4 4 

suite48. The structure was solved by molecular replacement of the template structure file with 5 

PDB ID 5LPG using Phaser 49 followed by iterative building cycles using the Refine program in 6 

Phenix50. TLS parameters were determined using the TLSMD webserver51. Relevant statistics can 7 

be found in the Supplementary Table 4. The NUDT15-TH1760 co-crystal structure was deposited 8 

in the protein database (PDB), ID 6T5J. 9 

 10 

Cell culture  11 

NB4, HL-60, MV4-11, THP-1, PL-21, CCRF-SB, K562, Raji, su-DHL-5, and Wil2-NS cells were 12 

cultured in RPMI medium with GlutaMAX; U2OS, BJ-hTERT, and BJ-RAS cells in DMEM medium; 13 

697 cells in RPMI medium with 250 mM HEPES buffer; HCT116 and HCT116 3-6 in McCoy's 5A 14 

(Modified) Medium; and HEK293T cells in Dulbecco's Modified Eagle Medium at 37 °C with 5% 15 

CO2 in a humidified incubator. All culture medium were purchased from ThermoFisher Scientific 16 

and supplemented with 10% heat-inactivated fetal bovine serum (FBS) and 17 

penicillin/streptomycin (100 U/mL and 100µg/mL, respectively). All the cell lines were obtained 18 

from ATCC, with the exceptions of PL-21 (gifted by Dr. Sören Lehmann, Karolinska Institutet, 19 

Sweden), HCT116 and HCT116 3-6 (gifted by Dr. Bert Vogelstein, Johns Hopkins), 697 (gifted by 20 

Dr. Magnus Bjorkholm, Karolinska Institutet, Sweden) and BJ fibroblasts (gifted by Dr. William C. 21 
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Hahn, Dana Faber Cancer Institute). All cell lines were regularly monitored and tested negative 1 

for the presence of mycoplasma using a commercial biochemical test (MycoAlert, Lonza).  2 

 3 

Drugs and Antibodies  4 

Doxycycline hydrochloride (Sigma-Aldrich) was dissolved in MilliQ water. Thiopurines, 6-5 

thioguanine (Sigma-Aldrich) and mercaptopurine (Merck AG), and all NUDT15 inhibitors were 6 

dissolved in DMSO to a stock of 10 mM. Antibodies against phosphorylated Chk1 (rabbit, 7 

Ser345; cat. no. 2348), Chk1 (mouse, cat. no. 2360), phosphorylated Chk2 (rabbit, Thr68; cat. no. 8 

2197), Chk2 (mouse, cat. no. 3440), phospho-Histone H2A.X (rabbit, Ser139; cat. no. 2577), 9 

cleaved PARP (rabbit, cat. no. 9541), HA-tag (mouse, cat. no. 2367) and cleaved caspase 3 10 

(rabbit, cat. no. 9661) were purchased from Cell Signaling Technology. Antibodies against 11 

NUDT15 (rabbit, cat. no. sc-84533), SOD1 (rabbit, FL-154; cat. no. sc-11407), phosphorylated 12 

CDK (rabbit, Thr14/Tyr15; cat. no. sc-28435-R) and Goat anti-mouse IgG-HRP secondary 13 

antibody (cat. no. sc-2055) were purchased from Santa Cruz Biotechnology, Inc.. Antibodies 14 

against GAPDH (rabbit, cat. no. ab9485) and β-Actin (mouse, cat. no. ab6276) were purchased 15 

from Abcam. Donkey anti-mouse IgG IRDye 680RD (cat. no. 925–68072) and goat anti-rabbit IgG 16 

IRDye 800CW (cat. no. 925–32211) were purchased from Li-Cor.  17 

 18 

Target engagement assays 19 

Differential Scanning Fluorimetry (DSF) – NUDT15 DSF was performed as described before29. 20 

Briefly, recombinant NUDT15 protein (4µM), Sypro Orange (5X, Thermo Fischer Scientific), and 21 

DMSO or putative NUDT15 inhibitors were combined in assay buffer (100 mM Tris Acetate, pH 22 
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8, 40 mM NaCl, 10 mM MgAc) in 96-well PCR plates at the final volume of 20 µL/well and DMSO 1 

concentration of 2%. The assay mixture was then subject to a 25-95 °C temperature gradient 2 

(1°C/min increments) with fluorescence intensities measured every minute, on a CFX96 Real-3 

Time PCR machine (Bio-Rad). Melting temperatures were determined by curve-fitting 4 

fluorescence intensity using Boltzmann sigmoidal non-linear fitting (GraphPad Prism). 5 

Drug affinity responsive target stability (DARTS) – DARTS was performed based on the 6 

previously described method34. Compounds were applied at indicated concentrations to 7 

HCT116 or U2OS cells for 1-4 h, before or after, respectively, cell lysis using M-PER™ Mammalian 8 

Protein Extraction Reagent (Thermo Fisher) supplemented with cOmplete Mini protease 9 

inhibitor. Cell lysates were then subject to pronase digestion in TN buffer (50 mM Tris-HCl, pH 10 

8.0; 50 mM NaCl) at the protein-to-pronase ratio of 25:1 for U2OS lysate and 100-400:1 for 11 

HCT116 lysate, for 30 min at RT. For the non-digested (ND) samples, TN buffer was added 12 

instead of pronase. Samples were then prepared for Western blot to detect NUDT15 in U2OS 13 

cells or HA-tagged NUDT15 in HCT116. GAPDH served as the loading control. 14 

Cellular thermal shift assay (CETSA) – CETSA was performed with intact cells as described 15 

previously39,52. Briefly, NB4 or HL-60 cells overexpressing pInducer20-3xHA-NUDT15 WT were 16 

induced with 1 µg/mL doxycycline overnight. For CETSA, cells were incubated with DMSO (0.3% 17 

v/v), 30 µM TH884, 30 µM TH7285, 10 µM TH1760 or 30 µM TH1760.  For iso-thermal dose 18 

response fingerprint (ITDRF) CETSA, cells were subdivided and treated with the indicated 19 

concentrations of TH1760 (with equivalent final DMSO v/v).  Three hours post-treatment at 20 

37°C and 5% CO2 in a humidified incubator, the cells were harvested, washed twice in PBS to 21 

remove excess compound, and then resuspended in TBS supplemented with cOmplete™, Mini, 22 
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EDTA-free Protease Inhibitor Cocktail (Roche, Merck) at 1.0x106 cells per 60 µL. Following 1 

heating at the indicated temperature (CETSA) or 53°C (ITDRF CETSA) for 3 minutes in Veriti 96-2 

well Thermal Cycler (ABI), the samples were equilibrated at room temperature for an additional 3 

3 minutes prior to lysing by 3x freeze-thaw cycles with an ethanol-dry ice and 37°C water bath. 4 

The lysates were then clarified by centrifugation at 20,000 x g for 20 minutes at 4°C and 5 

prepared for western blotting to detect HA-tagged NUDT15. SOD-1 served as the loading 6 

control. 7 

 8 

Western blotting  9 

Cells with indicated treatment were washed with ice-cold PBS, collected in lysis buffer (50 mM 10 

Tris (pH 8.0), 150 mM sodium chloride, 1.0% NP-40, 0.5% sodium deoxycholate, 0.1% sodium 11 

dodecyl sulphate, 1X cOmpleteTM EDTA-free protease inhibitor, and 1X Phosphatase Inhibitor 12 

cocktail (Life Technologies)), and sonicated using the UP100H ultrasonic processor (Hielscher).  13 

Upon clarification via centrifugation, lysates containing 20-30 µg total protein (measured using 14 

Pierce™ BCA Protein Assay Kit, Thermo Fisher) were mixed with 𝛽-mercaptoethanol-15 

supplemented 4x Laemmli buffer (Bio-Rad) before being heated at 95°C for 5-10 min. Proteins 16 

were then separated by SDS-PAGE with 4–15% Mini-PROTEAN TGX gels, and transferred to a 17 

nitrocellulose membrane with a Trans-Blot Turbo machine (Bio-Rad). Membranes were blocked 18 

with Odyssey Blocking Buffer (LI-COR), and probed with primary antibodies against desired 19 

target protein at 4°C overnight and then with species-appropriate secondary antibodies at RT 20 

for 30 min. Membranes were washed three times with TBST between incubations. Protein 21 

bands were visualized with an Odyssey Fc Imager, directly when using fluorescence-conjugated 22 



38 

 

 

secondary antibodies (Li-Cor) or upon adding Clarity Western ECL substrate (Bio-Rad) when 1 

using HRP-conjugated antibody. Images were analyzed using Image Studio Software (Li-Cor 2 

Biosciences), and all uncropped images are provided in Source Data. 3 

 4 

Cloning of mammalian lentiviral constructs 5 

NUDT15-specific (TRCN0000050311, shN15) or non-targeting (shNT) shRNA lentiviral constructs 6 

were generated using the Tet-pLKO.1-puro lentiviral vector (gifted by Dmitri Wiederschain; 7 

Addgene plasmid #21915) as described previously29. The pInducer20-3xHA-NUDT15 lentiviral 8 

constructs non-resistant to shN15 were generated as described29.  9 

The shN15-resistant NUDT15 overexpression vectors (WT, E67A and R139C) were constructed 10 

by firstly cloning WT, E67A, or R139 NUDT15 sequences into pENTR4-N-3xHA, as reported 11 

previously29. To create resistance to shN15 shRNA, site-directed mutagenesis was utilized with 12 

the following primers to insert silent mutations at every third base:  13 

F1:   5’ – phospho - CTA CAT CTA AAG AAT GTT CAC TTT GCC TCA GTT G – 3’ 14 

R1:   5’ – phospho - CGC AGC CTC TTC CCA GGT TTC CCT TTG – 3’ 15 

R2 (E67A):  5’ – phospho - CGC AGC CGC TTC CCA GGT TTC CCT TTG – 3’ 16 

Following PCR amplification with Phusion polymerase (ThermoFisher Scientific), PCR products 17 

were confirmed by gel electrophoresis and digested with DpnI (ThermoFisher Scientific) to 18 

enrich for mutagenized NUDT15 plasmid. Sequence verified clones were then shuttled into the 19 

pInducer20 lentiviral construct (gifted by Stephen Elledge; Addgene plasmid #44012) using 20 

Gateway® LR Clonase® II Enzyme mix.  21 

 22 
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Lentiviral transfection 1 

Lentiviral vectors were produced by transfecting HEK293T cells with lentiviral plasmids using 2 

calcium phosphate precipitation method as described before29. Selection for stable 3 

transductants was achieved using 1 μg/mL puromycin (Sigma-Aldrich; Tet-pLKO.1-puro, EF1-4 

ORF-mPGK-puro, lentiCRISPRv2_scr) and/or 400 μg/mL neomycin (G418, Sigma Aldrich; 5 

pInducer20). 6 

 7 

Cell viability assays 8 

Cells were seeded in 96-well or 384-well assay plates at 50000 cells/mL and treated with 9 

indicated concentrations of thiopurines, alone or subsequent to 3 h treatment with putative 10 

NUDT15 inhibitor. Four days post-treatment, resazurin sodium salt (10 µg/mL) was added, and 11 

cell viabilities were assessed by measuring fluorescence intensity at 544/590 nm (Ex/Em) upon 12 

2-6 h incubation with resazurin53, using a HidexSense plate reader (Hidex). Cells stably 13 

expressing doxycycline-inducible constructs were pre-treated with doxycycline for 48 h prior to 14 

seeding. Medium only and cell only wells served as negative and positive controls, respectively. 15 

Relative cell viabilities were calculated by subtracting the averaged negative control 16 

fluorescence signals and then normalizing to the positive control signals, which were then used 17 

to determine compound EC50 values via nonlinear curve fitting with variable slope (four 18 

parameters) in GraphPad Prism Software Inc.. The relative viabilities were further compiled into 19 

a data frame to calculate drug combination synergy scores using SynergyFinder 20 

(https://synergyfinder.fimm.fi/)54.    21 

 22 
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Flow cytometry analysis  1 

Cells were collected upon indicated treatment, washed with ice-cold PBS, and incubated in 2 

staining buffer (50 µg/mL propidium iodide, 20 mM Tris-HCl pH 8.0, 100 mM NaCl, 0.1 % NP40, 3 

and 20 µg/mL RNAse) at 4 °C for 1 h, before PI intensity being assessed by Navios flow 4 

cytometer (Beckman Coulter) via FL3 channel (620/30 nm).  5 

For EdU staining, Cells with indicated treatments were labeled with 10 µM EdU in culture 6 

medium at 37 °C for 30 min, before being collected and washed with ice-cold PBS. Cells were 7 

then fixed in 0.4% paraformaldehyde at RT for 15 min, permeabilized in 0.1% 8 

saponin/1%BSA/PBS over ice for 30 min, and labeled using Click-iT chemistry reagents (4 mM 9 

CuSO4, 6 µM ATTO 488 azide, 10 mM ascorbic acid, in PBS) against EdU at RT for 30 min. Signals 10 

of ATTO 488 labeled EdU were assessed by Navios flow cytometer (Beckman Coulter) via FL1 11 

channel (525/40 nm). Debris-free population was gated out based on forward and side scatter, 12 

from which singlets were gated. The G1, S, G2/M, and subG1 population were then gated from 13 

the debris-free, singlet population based on PI intensity. The EdU positive population was then 14 

gated from the debris-free, singlet population. A total of 4x104 events were acquired per 15 

condition per experiment. 16 

 17 

Clonogenic survival assay 18 

Clonogenic survival assay was performed as previously described29. Briefly, cells were seeded at 19 

200 cells/well in 6-well plates and treated with 6-TG alone or in combination with 10 µM 20 

TH1760 for 10 days, before cell colonies were fixed and stained in 4g/L methylene 21 
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blue/methanol solution. Colonies were subsequently counted and survival fractions were 1 

calculated by normalizing the colony numbers to untreated controls.  2 

 3 

Measurements of radioactive 6-MP in DNA and RNA 4 

HL-60 cells (0.5*106) were pre-treated with DMSO or 10 μM TH1760 for 1 h, before 8-14C 5 

labelled 6-MP (Moravek Inc.) was added to the cell culture at indicated concentrations. Eighteen 6 

hours post-treatment, cellular DNA and RNA were extracted using the E.Z.N.A. Tissue DNA Kit 7 

(Omega) or the Direct-zol RNA miniprep kit (Zymo research), respectively. Samples were then 8 

mixed with OptiPhase Supermix Cocktail (Perkin Elmer), followed by radioactivity level 9 

measured using a 1450 MicroBeta TriLux. 10 

 11 

Mass Spectrometry-assisted measurement of 6-thio-(d)GTP in DNA and RNA 12 

HL-60 cells were pre-treated with DMSO or 10 μM TH1760 for 1 h, before label-free 6-TG was 13 

added to the cell culture at indicated concentrations. Eighteen hours post-treatment, cellular 14 

DNA and RNA were extracted as described. DNA samples were then treated with 4 µg RNase A 15 

(Sigma-Aldrich) and 0.1 U alkaline phosphatase in 200 µL reaction buffer (10 mM ammonium 16 

bicarbonate, pH 7.0, and 10 mM MgCl2) at 37°C for 30 min. Similarly, RNA samples were treated 17 

with 0.4 U DNase I (Roche Diagnostics) and 0.1 U alkaline phosphatase (Sigma-Aldrich) in 100 µL 18 

reaction buffer (40 mM of Tris-HCl, pH 7.9, 10 mM NaCl, 6 mM MgCl2, and 10 mM CaCl2) at 37°C 19 

for 30 min. DNA and RNA samples were then precipitated with 0.3 volumes 10 M ammonium 20 

acetate and 1 volume isopropanol, washed twice with 70 % ethanol, and re-dissolved in water. 21 

Next, samples were hydrolyzed and dephosphorylated to single nucleosides by treatment with 22 
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0.1 U Nuclease P1 (Sigma-Aldrich), 50 U Benzonase nuclease (Santa Cruz Biotechnology), and 0.1 1 

U alkaline phosphatase in 25 µL reactions containing 10 mM ammonium acetate (pH 5.5), 1 mM 2 

MgCl2 and 1 mM ZnCl2 for 1 h at 37°C. Directly after hydrolysis, nucleosides were analyzed by 3 

high performance liquid chromatography coupled to electrospray ionization mass spectrometry 4 

(LC-MS/MS). Thionucleosides were analyzed on a LC-20AS HPLC System (Shimadzu Corporation, 5 

Kyoto, Japan) coupled to, an API 5000 triple quadrupole mass spectrometer (AB SCIEX, 6 

Farmingham, MA, USA) for DNA thionucleosides and a Triple Quad 5500 mass spectrometer (AB 7 

SCIEX) for RNA thionucleosides, both in positive ionization multiple reaction monitoring mode. 8 

Chromatography for DNA thionucleoside analysis was performed at 30°C with a Primesep200 9 

mixed-mode column (2.1 mm x 150 mm, 5 μm particle size; SieLC, Prospect Heights, IL, USA) 10 

using water and acetonitrile containing 0.1% formic acid as the mobile phase. The following 11 

HPLC method was used with a flow rate of 300 μL/min: 5% acetonitrile for 30 s, ramp to 70% by 12 

3 min, hold 70% until 5 min, and return to 5% by 5.1 min until 15 min. Chromatography for RNA 13 

thionucleoside analysis was performed at 40°C with a Coresep100 mixed-mode column (2.1 mm 14 

x 150 mm, 2.7 μm particle size; SieLC) using water and acetonitrile containing 0.1% formic acid 15 

as the mobile phase. The following HPLC method was used with a flow rate of 400 µL/min: 10% 16 

acetonitrile for 30 s, ramp to 50% by 2.2 min, hold 50% until 4.4 min, and return to 10% by 4.5 17 

min until 15 min. The canonical DNA and RNA nucleosides were analyzed using the same HPLC 18 

column and instrument, but with an isocratic HPLC method using 40% acetonitrile and 0.1% 19 

formic acid in water with a flow rate of 500 µL/min for 3 min. Prior to injection, samples were 20 

diluted 1:5000 and 1:10 000 in water to analyze canonical nucleosides from DNA and RNA, 21 

respectively. The mass transitions were 252.1 → 136.1 for deoxyadenosine, 228.1 → 112.0 for 22 
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deoxycytidine, 268.1 → 152.0 for deoxyguanosine, 243.1 → 127.0 for thymidine, 268.0 → 136.0 1 

for adenosine, 244.5 → 112.1 for cytosine, 284.0 → 152.1 for guanosine, and 245.0 → 113.0 for 2 

uridine.  3 

 4 

Alkaline comet assay  5 

Comet assay was performed as previously described45. Briefly, NB4 cells were treated with 6 

DMSO or 10 µM TH1760 for 3 h before indicated concentrations of 6-TG was added for another 7 

48 h. Upon harvest by centrifugation, cells were resuspended in PBS at 1*106 cells/mL and then 8 

mixed 1:5 with 1.2% low melting point agarose (Sigma-Aldrich) at 37 °C. The mixture was then 9 

added onto an agarose (1%)-coated fully frosted slides (Fisherfinest™ Premium Superfrost™ 10 

Microscope Slides; Thermo-Fisher Scientific), and a cover slip was placed on the mixture until 11 

agarose became solidified. Subsequently, cells were incubated in lysis buffer (10 mM Tris-HCl pH 12 

10.0, 2.5 M NaCl, 0.1 M EDTA, 10% DMSO and 1% Triton X-100) at 4°C overnight, and then 13 

denatured in electrophoresis buffer (0.3 N NaOH, 1 mM EDTA) for 30 minutes, before 14 

electrophoresis at 300 mA, 25 V for 30 minutes using a Comet Assay tank (Thistle Scientific). 15 

Slides were then placed into neutralization buffer (0.4 M Tris-HCl pH 7.5) for 45 minutes, and 16 

comets were stained using 1x SYBR® Gold Nucleic Acid Gel Stain (ThermoFisher). Images were 17 

acquired with a Zeiss LSM 510 confocal microscope and comets analyzed using the Comet assay 18 

IV system. A total of 100 cells were analyzed per slide per sample. Tail moment is calculated as 19 

per cent DNA in the tail multiplied by the tail length. 20 

 21 

DSF-based selectivity screening of TH1760 against a curated kinase library  22 
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The assay was performed as previously described55. Briefly, recombinant protein kinase 1 

domains, 44 in total, at a concentration of 2 μM were mixed with 12 μM of TH1760 or TH7285, 2 

in 10mM HEPES, pH 7.5, and 500mM NaCl. Subsequently, temperature-dependent protein 3 

unfolding profiles were measured using a Real-Time PCR Mx3005p machine (Stratagene). 4 

Experiments were performed in triplicate. 5 

 6 

Real-time quantitative polymerase chain reaction (RT-qPCR) 7 

RT-qPCR was performed as described previously45 and all kits were used according to 8 

manufacturer’s instructions. Briefly, RNA was isolated from cells using the Direct-zol RNA 9 

miniprep kit (Zymo research). 500 ng of RNA was reverse transcribed using the Maxima First 10 

Strand cDNA Synthesis Kit for RT-qPCR (Thermo Scientific). RT-qPCR was performed using the 11 

Thermo Scientific Luminaris Color HiGreen qPCR Master Mix and the following primers:  12 

β-Actin F:  5’–CCTGGCACCCAGCACAAT–3’ 13 

β-Actin R:  5’–GGGCCGGACTCGTCATACT–3’ 14 

NUDT15 F:  5’–TGTTCACTTTGCCTCAGTTGTG–3’  15 

NUDT15 R:  5’–AGGAACCCACTCCCAACTTTC–3’  16 

 17 
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